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ABSTRACT

RAPID MIDDLE TO LATE MIOCENE SLIP ALONG THE ZANSKAR NORMAL
FAULT, GREATER HIMALAYAN RANGE, NW, INDIA: CONSTRAINTS FROM
LOW-TEMPERATURE THERMOCHRONOMETRY
by
Brett L. Shurtleff
June 2015
The Zanskar normal fault (ZF) is a NW-striking, moderately NE-dipping, normal
fault that bounds the northern flank of the Greater Himalaya Range, NW India. The ZF is
the far west continuation of the South Tibetan Detachment System (STDS), a major arcparallel normal sense shear zone that spans the length of the Himalayan orogen. Detailed
new zircon and apatite (U-Th)/He (ZHe and AHe) and apatite fission-track (AFT)
thermochronometric data from high-grade (amphibolite-migmatite) Greater Himalayan
Sequence (GHS) metamorphic rocks, exposed in the footwall immediately adjacent to the
ZF, provide constraints on the middle Miocene to present exhumation history of the
footwall. The overlap of these elevation invariant mean ZHe, AFT, and AHe
thermochronometric ages, indicate rapid cooling between ~14-10 Ma. Inverse modeling
of ZHe, AHe, and AFT thermochronometric data yield patterns that suggest: (1) a pulse
of rapid normal slip along the ZF at ~14-13 Ma and rapid exhumation of the footwall
between ~14-10 Ma at rates of 0.2-2.5 mm/yr, and (2) slow exhumation and/or
quiescence between ~9 Ma to the present day. We suggest that the period of rapid normal
slip along the ZF can be best explained by southward extrusion of the GHS by a modified
iii

channel flow mechanism and/or by an increase in gravitational potential energy as a
consequence of a slab break-off event.
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CHAPTER I
INTRODUCTION
The Himalaya-Tibet orogenic system records the Eocene to Holocene
approximate N-S continental collision and convergence between India and Asia (Figure
1; inset map). Since the onset of the collision, profound crustal shortening and thickening
along the ~2500 km long compressional margin has resulted in the formation of Earth’s
two highest landforms, the high Himalaya mountain belt and the Tibetan Plateau
(Fielding et al., 1994). Within the continental convergence zone, extension and thrust slip
parallel to the direction of contraction between India and Asia occurs along the South
Tibetan Detachment System (STDS) and Main Central Thrust (MCT), respectively.
These two NE-dipping fault-shear zones that strike approximately parallel to the orogen
have played a major tectonic role in exposing the Greater Himalayan Sequence (GHS;
Figure 1), the high-grade metamorphic core of the high Himalaya (e.g., Burg and Chen,
1984; Burchfiel et al., 1992; and references therein).
In the central Himalaya, where motion of India with respect to Asia is orthogonal,
broadly simultaneous late Oligocene to middle Miocene slip histories have been
documented along the STDS and MCT which bound the top and bottom, respectively, of
the GHS (e.g., Burchfiel et al., 1992; Hodges et al., 1992; Godin et al., 2006; Leloup et
al., 2010). To explain the similar slip histories and opposite-slip-sense kinematics along
the STDS and MCT, as well as explain interpreted partially melted middle-crust,
Beaumont el al. (2001, 2004) proposed channel flow model. In this model, ductile
middle-crust (the GHS) is extruded southward between bounding, non-merging, shear
zones, the STDS and MCT. Extrusion of the GHS is driven by: (a) low viscosity within
1

Figure 1. Simplified geologic map of the Zanskar region. Dashed box shows the location of thermochronometric sample
transects (see Figure 3). Inset map is a simplified tectonic map of the Himalayan orogen showing the location of the Zanskar
region (red box); arrow shows the approximate velocity vector of India (N20º, 5cm/yr; Replumaz et al., 2010a) with respect to
stable southern Eurasia (Tibet). Map abbreviations: Main Boundary thrust (MBT), Main Central thrust (MCT), South Tibetan
2

Detachment System (STDS), Zanskar normal fault (ZF), Zanskar shear zone (ZSZ),
Gianbul dome (GBD), Sarchu fault (SF), Baralacha La thrust fault (BT), Miyar shear
zone (MSZ). Maps modified: (regional) from Searle et al. (1992), Robyr et al. (2002,
2006, 2014), and Horton et al. (2015); and (inset) from Cooper et al. (2013).
the GHS due to the presence of partially melted middle-crust within the channel; (b) a
horizontal gravitational pressure gradient between the Tibetan Plateau and India; and (c)
focused high-rate of erosion along the southern flank of the high Himalaya.
The continental slab tear and break-off (SBO; terminology from Replumaz et al.,
2010a) hypothesis provides an alternative mechanism for the development and evolution
of the STDS and crustal extension (e.g., Stearns et al., 2015). Interpretations of
tomographic images and paleogeographic reconstructions of seismic anomalies beneath
the Himalayan-Tibetan convergent margin indicate multiple SBO events (e.g., Van der
Voo et al., 1999; Negredo et al., 2007; Replumaz et al., 2010a, b; and references therein).
In the Hindu Kush region of the NW Himalaya, SBO episodes have been interpreted to
have occurred at ~45 Ma and between 25-15 Ma (e.g., Negredo et al., 2007; Replumaz et
al., 2010a, b). As a consequence of SBO events, oceanic lithosphere is replaced with
upwelling hot asthenosphere increasing lithospheric buoyancy and driving onset of
crustal extension (Bird, 1979).
In the NW Himalaya, motion of India relative to Asia is oblique to primary
structures within the Himalayan orogen, including the STDS, MCT, and Main Boundary
Thrust (MBT), implying that models proposed for their evolution in the central Himalaya
may not be applicable in the NW Himalaya. Furthermore, the geomorphology along the
Zanskar segment of the STDS suggests a slip history that is younger than in the central
Himalaya; this observation also implies that models proposed for the tectonic evolution
of the central Himalaya may not be applicable in the NW Himalaya.
3

To address these issues in NW India, in this paper we describe new zircon and
apatite (ZHe and AHe) and apatite fission-track (AFT) thermochronometric data from
three transects (Figure 2) in the footwall of the ZF. Age versus elevation plots and inverse
modeling of data from this study, in combination with AFT ages from Kumar et al.
(1995), suggest a middle to late Miocene low-temperature rapid cooling event of the
footwall. Results of our study yield a young slip history, compared to the central and
eastern Himalaya, which we attribute to a modified channel flow mechanism and/or
gravitational potential energy changes associated with slab break-off events beneath the
western section of the Himalaya orogen.
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Figure 2. Field photographs of the Zanskar normal fault. (a)
Well-exposed fault scarp (FS) defining triangular facets along
the Zanskar normal fault. The Sani-TLG transect is located
under the FS arrow on the left; arrows indicate approximate
dip-direction. Mountains in the background are the Greater
Himalayan Range (GHR) with Quaternary alluvium in the
foreground. View is to the southwest. (b) Well-exposed fault
scarp (FS) defining a well-developed triangular facet along the
Zanskar normal fault at the Sani Valley transect. Weakly
metamorphosed Ts rocks are exposed in the hanging wall and
GHS high grade metamorphic rocks are exposed in the
footwall of the fault. (c) View to the south and approximately
along strike of the Zanskar normal fault plane showing the
Zanskar normal fault cutting the mylonitic foliation of the
GHS in the footwall along the Raruphu Valley transect.
Black line in (b and c) defines the boundary of the exposed Zanskar normal fault plane surface. Abbreviations: Tethyan
sediments (Ts), Greater Himalayan sequence (GHS).
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CHAPTER II
BACKGROUND
Geologic Setting
The Zanskar shear zone (ZSZ), the western equivalent of the ~2200 km long
STDS, is an ~150-200 km long, 2.25-6.75 km thick, NE-dipping extensional shear zone
(e.g., Herren, 1987; Inger, 1996; Dèzes et al., 1999; Horton et al., 2015) that bounds the
northeastern flank of the Greater Himalayan Range (GHR; Searle, 1986) (Figure 1). The
ZSZ is cut by the NW-striking, shallow to moderately NE-dipping (10-53°; Epard and
Steck, 2004) Zanskar normal fault (ZF) (Figures 3 and 4). The ZF juxtaposes
unmetamorphosed to greenschist facies Cambrian to Eocene Tethyan sediments in the
hanging wall with amphibolite- to migmatite-grade metamorphic rocks of the GHS in its
footwall (e.g., Searle, 1986; Herren, 1987; Dèzes et al., 1999; Epard and Steck, 2004;
Horton et al., 2015; this study) (Figure 1).
The GHS in Zanskar is structurally bounded above and below by opposing normal
and thrust slip-sense shear zones, the ZSZ and MCT, respectively, and is composed of a
Barrovian metamorphic series that records metamorphic grades from structurally high
garnet-zone through staurolite- and kyanite-zones to structurally deep sillimanite-zone in
paragneisses associated with orthogneisses, minor mica schists, and metabasic rocks
(e.g., Herren, 1987; Pognante, 1990; Searle et al., 1992; Dèzes et al., 1999; Robyr et al.,
2002). Deformation in the immediate footwall of the ZF is characterized by mylonites
that record a top-down-NE normal sense of shear (Figure 5a) (e.g., Herren, 1987; Dèzes
et al., 1999; Robyr et al., 2006; Horton et al., 2015). This mylonitic foliation is cut by the
ZF (Figures 2c and 5b) (Dèzes et al., 1999; Horton et al., 2015; this study). The net
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Figure 3. Digital elevation model of the Zanskar normal fault study area in the NW
Himalaya showing the location of thermochronometric samples (red circles). Dashed
boxes show the location of thermochronometric sample maps (Figures 4a, 4b, and 4c) for
7

this study. Black squares and bold italic font show the location of Kumar et al. (1995)
published apatite fission-track ages and 1-sigma error. Lower hemisphere equal-area
stereonet plots show structural data for the three thermochronometric transects: solid
circles show poles to the fault plane; open circles show trend and plunge of stretching
lineation in the footwall of the ZF; n is the number of measurements; gray squares show
mean poles to fault planes and mean trend and plunge to stretching lineations. Kinematic
axes (solid diamonds) for fault/striation data pairs with numbers are as follows: 1,
extension axis; 2, intermediate axis; 3, shortening axis. Location of field map is shown in
Figure 1.
amount of normal shear along the ductile ZSZ is calculated at ~25-44 km (e.g., Herren,
1987; Dèzes et al., 1999) assuming all of the ductile deformation is simple shear. Within
the immediate footwall of the ZF the sheared Barrovian metamorphic isograds are
compressed to ~1 km thick (Searle et al., 1992; Dèzes et al., 1999). At the upper levels
within the immediate footwall to the ZSZ, prograde metamorphic conditions, at ~550700°C and 0.8-1.05 GPa, occurred at 37-30 M (Searle et al., 1999; Vance and Harris,
1999; Horton et al., 2015). Pressure-temperature conditions of 0.45-0.7 GPa and 650770°C were calculated for the migmatitic core of the GHS and associated deformation
related to the Indian-Asian collision, suggest Tethyan sediments derived from the Indian
continent extruded southward from depths of ~28-40 km (e.g., Searle et al., 1992, 2007;
Robyr et al., 2014).

8

Figure 4. Simplified geologic maps
showing thermochronometric
sample locations along the three ZF
transects: (a) Sani-TLG, (b) Sani
Valley, and (c) Raruphu Valley. (UTh)/He thermochronometric samples
from this study are shown with red
circles and bold font and apatite
fission-track from this study are
shown with white squares; apatite
fission-track from Kumar et al.,
1995 are shown as black squares and
bold italic font. Each base map is a
GTOPO30 shaded relief map
overlain by ASTER digital elevation
model version 2 projected to UTM
zone 43 and coordinates are WGS
84. Sample maps locations are
shown in Figure 3.
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Figure 5. Field photographs showing: (a) Ultramylonite potassium feldspar-augen
orthogneiss from the GHS in the footwall of the Zanskar normal fault showing an
asymmetric leucocratic dike boudin indicating top-NE sense of shear in the Raruphu
Valley (see Figure 4c). Inset box shows a line diagram of the outcrop within the white
dashed box (white, leucocratic boudin; gray, melanocratic ultramylonite orthogneiss).
Photograph taken approximately perpendicular to the mylonitic foliation and parallel to
the NE-trending mineral stretching lineation. Hand lens for scale. (b) View to the south
across Sani Valley approximately along strike of the Zanskar normal fault showing the
Zanskar normal fault cutting the mylonitic foliation of the GHS in the footwall.
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The well-developed, moderate to steeply dipping triangular facets along the ZF
suggest a young normal slip history. In the NW Himalaya, geochronologic investigations
of footwall rocks, metapelites and deformed intrusive leucogranites, indicate that ductile
extension initiated along the ZSZ at ~26 Ma and ceased at ~22-21 Ma (Inger, 1998;
Horton et al., 2015). Onset of brittle normal slip at ~22-21 Ma followed along the ZF
(Horton et al., 2015). AFT ages (Kumar et al., 1995) from the lowest structural levels of
the exposed ZF escarpment indicate normal slip was ongoing at ≤ 12 Ma.
Zanskar Normal Fault and Associated Structures
The exhumed ZF defines the northeastern margin of the GHR and is defined by a
fault plane that juxtaposes moderately deformed, weakly metamorphosed Tethyan
metasediments against mylonitic rocks of the GHS. Evidence for young faulting along
the ZF includes a moderate to steep range front (~30-50°) that displays well-developed
triangular facets with as much as 1100 m of relief. The exposed fault plane along the
three transects yields an average dip of 34° towards 49° (Figure 3). Stretching lineations,
defined by stretched and pulled apart tourmaline and quartz grains, from mylonitic
footwall rocks exposed on the fault plane yield a mean trend and plunge of 47°, 32°,
which implies nearly pure dip-slip motion. Fault slip data from the ZF along Sani-TLG
(tourmaline-bearing leucogranite; TLG) and Sani Valley transects, using the fault
kinematic analysis method of Allmendinger et al. (2013), yields a shallowly NE-plunging
extension direction (trend of 48° and plunge of 18°) (Figure 3). Within the immediate
footwall of the ZF, the mylonitic foliation of the ZSZ dips somewhat shallower than the
ZF fault plane and includes kinematic indicators that record top-NE sense of shear
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(Figures 2c, 5a, and 5b) (e.g., Herren, 1987; Dèzes et al., 1999; Searle et al., 2007; this
study).
Structural petrology was completed to document micro-textures in the immediate
footwall to the ZF (Figure 6). At the top of the Sani-TLG fault escarpment, rocks
preserve deformation textures that include undulose and grain boundary migration in
quartz, sparse myrmekite in feldspar, and locally mica ribbons. Samples collected at
lower elevations along the transect are characterized by generally fine-grained quartz,
some plagioclase, and deformed tourmaline grains with damage trails subparallel to
sparse mica ribbons showing a top-down- NE sense of shear. Further south, at the top of
the Sani Valley fault escarpment, deformed mica fish with undulose extinction show a
top-down- NE sense of shear. A few plagioclase grains appear with hematite filled
fractures. At the lower part of the fault escarpment, quartzite rocks are fractured indicated
by offset quartz veins in thin-section. These textures suggest deformation temperatures
from ~300-350°C to ≥600°C during the development of the mylonitic foliation (Hirth and
Tullis, 1992; Stipp et al., 2002). Much further to the south, at the top of the Raruphu
Valley fault escarpment, quartzite rocks are brecciated.
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Figure 6. Photomicrographs of shear sense indicators and quartz and feldspar deformation
textures from the tourmaline-bearing leucogranite (Sani-TLG) and metaquartzite (Sani
Valley and Raruphu Valley) that define the ZF fault plane, at elevations of 3674 m to
4650 m in the footwall to the ZF. (a) Grain boundary migration in quartz and myrmekite
in feldspar suggest deformation temperatures of ~500°C to ≥600°C. (b) Undulose
extinction and grain boundary migration in quartz suggest deformation temperatures of
~300-350°C to ~500°C. (c) Deformed tourmaline grains and associated damage trails
subparallel to a mica ribbon, both of which show top-down-NE sense of shear. (d) Mica
fish showing undulose extinction with top-down- NE sense of shear. (e) Mica fish
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showing top-down- NE sense of shear. (f) Plagioclase grain appearing with hematite
filled fractures.

Figure 6 (continued). (g) Brittlely deformed quartzite with arrows highlighting offset
quartz veins. (h) Brecciated quartzite showing brittle deformation. All photomicrographs
are from samples cut parallel to the stretching lineation and perpendicular to the foliation,
except (a and b), and all are taken with cross polars except (g and h), which are plane
light. Arrow pairs indicate sense of shear. Abbreviations: brecciated (br), feldspar (fsp),
fracture in thin-section (frc), grain boundary migration (GBM), hematite (hm), quartz
(qtz), mica ribbon (mr), muscovite (ms), myrmekite (myrm), plagioclase (pl), tourmaline
(trm), undulose quartz (uqtz).
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CHAPTER III
LOW-TEMPERATURE THERMOCHRONOMETRY
Zircon and Apatite (U-Th)/He and Apatite Fission-Track Thermochronometry
To provide constraints on the low-temperature cooling and exhumation history of
the footwall to the ZF related to normal slip along this normal fault, we collected a total
of 42 ZHe, AHe, and AFT thermochronometric samples (Figure 7) at ~50 m intervals
over a vertical distance of 512-798 m between elevations of ~3670 m and ~4650 m along
three vertical transects distributed ~30 km along strike from northwest to southeast
(Figure 3): the Sani-TLG (Figure 4a), Sani Valley (Figure 4b), and Raruphu Valley
(Figure 4c) (Tables 1 and 2). (U-Th)/He dating of apatite and zircon is an effective and
well-established low to moderate-temperature thermochronometric technique used to
quantify the low-temperature cooling and exhumation history of exposed footwall rocks
along a normal fault (Reiners et al., 2005; Stockli, 2005; and references therein) and in
recent years has been an invaluable tool in the investigation of N-S and E-W extension
within the contractional Himalayan orogen (e.g., Lee et al., 2011; Sundell et al., 2013).
ZHe and AHe thermochronometry is characterized by closure temperatures (CT) of
~185°C and ~70°C respectively, and partial retention zones of 190-130°C and ~80-40°C,
respectively (e.g., Zeitler et al., 1987; Wolf et al., 1996, 1998; Stockli et al. 2000; Farley,
2002; Ehlers and Farley, 2003; Stockli, 2005; and references therein). ZHe and AHe
thermochronometry provide time-temperature (t-T) constraints for each mineral along the
sampling transect which allow characterization of thermal and exhumation histories at
relatively shallow crustal levels equivalent to depths of ~1-3 km (e.g., Stockli, 2005).
For a description of zircon and apatite (U-Th)/He sample processing and analytical
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Figure 7. Thermochronometric ages from the Sani-TLG (a and b), Sani Valley (c), and Raruphu Valley (d) transects projected onto NE-SW cross sections across the GHS. (a, c, and d) Zircon (black font) and (a)
apatite (blue font) U-Th/He ages. Circles with a cross show samples that were outliers in HeMP modeling (see text for discussion). (b) Apatite fission-track ages from this study (red circles; errors are 95% confidence
interval) and from Kumar et al., 1995 (gray circles; errors are 2-sigma). Locations of cross sections are shown in Figures 3 and 4.
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procedures for the determination of helium, uranium, thorium, and samarium isotopic
concentrations from this study, see Appendixes B and C which follow that of Lee et al.
(2009). For a complete list of all single zircon and apatite replicate analyses from this
study see Table A1 in Appendix A.
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We also completed AFT thermochronology on five samples along the Sani-TLG
transect to constrain the cooling history through ~120°C (Figures 3 and 4a; Table 2).
Fission-tracks, which are linear damage sites within the crystal lattice anneal in apatite at
temperatures >120°C with a partial annealing zone of ~120-60°C (e.g., Gleadow and
Fitzgerald, 1987; Blythe and Longinotti, 2013, and references therein). Analytical
procedures detailing AFT sample processing are described in Appendixes B and D.
Zircon and Apatite (U-Th)/He Results
All ZHe ages from this study range from ~16.5 Ma to ~10.7 Ma (Figure 3) (Table
1). ZHe ages from the Sani-TLG, Sani Valley, and Raruphu Valley transects yield
elevation invariant mean ages of 13.4 ± 3.2 Ma, 13.4 ± 2.1 Ma, and 14.3 ± 2.6 Ma (2sigma error), respectively (Figure 8a), suggesting that the footwall to the ZF cooled
through the ZHe CT of ~185°C at about the same time along its length, within error.
Seven AHe ages from the Sani-TLG transect, which range from ~10.5 Ma to ~7.5
Ma, yield an elevation invariant mean age of 9.5 ± 2.0 Ma (Figure 8b) (Table 1). AHe
replicates from Sani Valley and Raruphu Valley transects yield uninterpretable ages due
to mineral inclusions and were not used in inverse modeling. The AHe mean age
overlaps, within error, with the ZHe mean age indicating a rapid footwall cooling rate of
~30°C/m.y. between ~13.4 Ma and ~9.5 Ma as temperature dropped below both the ZHe
and AHe CT of ~185°C and 70°C, respectively, within a short period of time.
Apatite Fission-Track Results
Apatite fission-track data from samples collected between elevations of ~4300 and ~4000
m along the Sani-TLG transect yield central ages of 13.5 +3.5/-2.7 Ma to 11.2 +4.3/-3.0
Ma (Figures 7b and 8c). These ages are the same, within error, to published AFT ages of
11.7 ± 1.3 Ma to 8.0 ± 0.7 Ma collected within ~3 km of our transect (Kumar et al., 1995)
20

at elevations of ~3700 m to ~4000 m (Table 2). Plotted AFT ages versus elevation, from
this study, yield an invariant mean age of 12.4 ± 1.8 Ma, the same within error, as the
mean ZHe age (see composite plot in Figure 8d). Plotted AFT track length data from
three AFT samples, Sa430, Sa413, and Sa410, yield mean values that range between
13.34-13.68 µm and are based on a total of 84 to 100 counted tracks (Figure 9) (Table 2).
AFT track length histograms for the three AFT samples display both asymmetric and
slightly bimodal profiles.
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Figure 8. Plots of thermochronometric ages versus elevation from along the Sani-TLG,
Sani Valley, and Raruphu Valley transects showing the cooling history for the Greater
Himalayan sequence in the footwall of the Zanskar fault. Thermochronometric data from
this study: (a) zircon (U-Th)/He, (b) apatite (U-Th)/He, and (c) apatite fission-track ages
(solid diamonds) and from Kumar et al., 1995 (open diamonds). (d) Composite plot of all
thermochronometric age data from this study and apatite fission-track ages from Kumar
et al., 1995 along the Sani-TLG transect. Horizontal bars show 2-sigma error associated
with each zircon and apatite (U-Th)/He sample (a, b, and d) and show 95% confidence
interval and 2-sigma error for apatite fission-track ages from this study and Kumar et al.,
1995, respectively (c and d). Dashed vertical lines show mean ages of: (a) 13.4 Ma, 13.4
Ma, and 14.3 Ma for Sani-TLG, Sani Valley, and Raruphu Valley transects, respectively,
for all zircon; (b and d) 9.5 Ma for all apatite along the Sani-TLG transect; (c and d) 12.4
Ma for all apatite fission-track data from this study along the Sani-TLG transect.
Columns show the associated 2-sigma error to mean age for each transect: (a) 3.2 Ma
with gray shade, 2.1 Ma with left dipping hatch pattern, and 2.6 Ma with right dipping
hatch pattern, for all zircon along Sani-TLG, Sani Valley, and Raruphu Valley transects,
respectively; (b) 2.0 Ma with left dipping hatch pattern for all apatite along the Sani-TLG
transect; (c) 1.8 Ma with right dipping hatch pattern for all apatite fission-track ages,
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from this study, along the Sani-TLG transect. (a, b, and d) Samples shown with a white
cross were outliers in HeMP modeling.

Figure 9. Apatite fission-track length results from samples at elevations between ~4300
m and ~4100 m along the Sani-TLG transect. Track length histograms, based on
measurements of 84 to 100 track lengths, yield mean track lengths between 13.67-13.68
µm.
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Summary of Thermochronometric Results
At first glance, ZHe and AFT data from the three transects indicate initiation of
rapid cooling of the footwall to the ZF between ~14-12 Ma. ZHe mean ages from the
three transects are within ~1 m.y. indicating that the ~30 km long footwall to the ZF
recorded similar cooling histories. AHe data from the Sani-TLG transect indicate that
rapid cooling of the ZF footwall continued to at least ~9.5 Ma.
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CHAPTER IV
INVERSE MODELING OF THERMOCHRONOMETRIC DATA
HeMP Inverse Modeling of (U-Th)/He Data
To further quantify the cooling and exhumation histories of the footwall to the ZF,
we completed inverse numerical modeling of zircon and apatite (U-Th)/He data from
tourmaline-bearing leucogranite and quartzite fault escarpments using the (U-Th)/He
modeling software package HeMP (Hager and Stockli, 2009; Lee et al., 2011). Using the
sample array module in HeMP, initial modeling of (U-Th)/He data from each of the three
thermochronometric transects requires previous knowledge of geochronologic ages along
the ZF and its associated thermal history. Early time-temperature (t-T) constraints were
set to model a broad thermal history between 25-0 Ma at temperatures between 300°C to
5°C with no bounding t-T constraints placed on ZHe and AHe datasets. Initial transect
modeling in HeMP with no constrained t-T parameters allowed us to broadly evaluate the
t-T cooling history. The results from the first modeled run for each transect allowed us to
constrain the thermal model history window to 20-0 Ma at temperatures between 250°C
to 0°C (for modeling parameters, see Table A3 in Appendix A). Given the range of
overlapped partial retention and annealing zones between the three thermochronometers,
ZHe, AFT, and AHe, along the Sani-TLG transect, and published AFT ages (~12-6 Ma)
along the base of the ZF escarpment (Kumar et al., 1995), we chose to restrict the model
t-T space to a single large parameter box from 16 Ma to 8 Ma at temperatures of 220°C to
40°C for all three transects (Figures 10, 11, and 12). This single box allows for rapid
cooling below ~185°C and ~70°C, the estimated CT for ZHe and AHe, respectively (Wolf
et al., 1996, 1998; House et al., 1999; Stockli et al., 2000; Tagami et al., 2003; Stockli,
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2005) and did not overly constrain the modeling process. The estimated annual mean
surface temperature used in modeling was 5°C.
HeMP evaluates model ages against corresponding sample ages which are
evaluated using the goodness of fit criterion of Ketcham (2000) (for details, see Lee et al.,
2011). The results of HeMP modeling for thermochronometric transects are 100,000
random thermal histories for each data set during which HeMP calculates a static
geotherm. Our modeling approach for the three datasets was to allow HeMP to generate a
few hundred acceptable t-T path cooling curves (Figure 13) while keeping sample
outliers to a minimum using our t-T constraints. Modeling of thermochronometric data
for the three transects yielded acceptable cooling paths well within our t-T constraint
boxes for ZHe and AHe data (Figures 10, 11, and 12), evidence in support of the
soundness of our model setup.
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Figure 10. Model HeMP cooling histories for zircon and apatite (U-Th)/He samples
collected along the Sani-TLG transect using 16°C/km geothermal gradient (blue and red
lines), the geothermal gradient (GG) that yields that highest number of acceptable path
fits for the modeled temperature range (see Figure 13a). A few time-temperature (t-T)
paths in red show an inflection in cooling histories between ~9 Ma and ~2 Ma suggesting
a second, younger stage of rapid cooling and exhumation. Black box represents the t-T
bounds for zircon and apatite (U-Th)/He and apatite fission-track. Dashed gray lines
bound the t-T space covered by 100,000 randomly generated model thermal histories.
Dashed black T-t path is the model mean to all acceptable cooling histories. Exhumation
rates shown on the cooling rate–exhumation rate reference curves are based on a
16°C/km GG. Depths are based on a 16°C/km GG and corresponding temperature values.
Abbreviation: partial retention zone (PRZ).
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Figure 11. Model HeMP cooling histories for zircon (U-Th)/He samples collected along
the Sani Valley transect using 10°C/km geothermal gradient (blue and red lines), the
geothermal gradient (GG) that yields that highest number of acceptable path fits for the
modeled temperature range (see Figure 13b). A few time-temperature (t-T) paths in red
show an inflection in cooling histories between ~10 Ma and ~2 Ma suggesting a second,
younger stage of rapid cooling and exhumation. Black box represents the t-T bounds for
zircon and apatite (U-Th)/He and apatite fission-track. Dashed gray lines bound the t-T
space covered by 100,000 randomly generated model thermal histories. Dashed black T-t
path is the model mean to all acceptable cooling histories. Exhumation rates shown on
the cooling rate–exhumation rate reference curves are based on a 10°C/km geothermal
gradient. Depths are based on a 10°C/km GG and corresponding temperature values.
Abbreviation: partial retention zone (PRZ).
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Figure 12. Model HeMP cooling histories for zircon (U-Th)/He samples collected along
the Raruphu Valley transect using 132°C/km geothermal gradient (blue and red lines), the
geothermal gradient (GG) that yields that highest number of acceptable path fits for the
modeled temperature range (see Figure 13c). A few time-temperature (t-T) paths in red
show an inflection in cooling histories between ~10 Ma and 4.5 Ma suggesting a second,
younger stage of rapid cooling and exhumation. Black box represents the t-T bounds for
zircon and apatite (U-Th)/He and apatite fission-track. Dashed gray lines bound the t-T
space covered by 100,000 randomly generated model thermal histories. Dashed black T-t
path is the model mean to all acceptable cooling histories. Exhumation rates shown on
the cooling rate–exhumation rate reference curves are based on a 132°C/km GG. Depths
are based on a 132°C/km GG and corresponding temperature values. Abbreviation:
partial retention zone (PRZ).

29

Figure 13. Histograms showing the number of HeMP model generated cooling histories
from along the (a) Sani-TLG, (b) Sani Valley, and (c) Raruphu Valley
thermochronometric transects that successfully fit zircon and apatite (U-Th)/He age data.
Blue columns show the geothermal gradient for each modeled transect that yielded the
highest number of acceptable fits (see Figures 10, 11, and 12).
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HeFTy Inverse Modeling of Apatite Fission-Track Data
Two of the five AFT samples, Sa413-11, and Sa430-11, which had a number of
track lengths close to or at 100, were modeled in HeFTy (Figure 14) (Table 2). Sample
Sa410-11, which had 100 track lengths (Table A2 in Appendix A), was not chosen for
modeling as the co-existing ZHe age data was deemed an outlier in HeMP modeling.
Since HeMP can only model (U-Th)/He datasets, we used the software program HeFTy
(Ketcham, 2005) to model individual samples for which we had ZHe, AHe, and AFT
data. HeFTy generates a series of t-T paths for each sample from which single sample
cooling histories can be assessed.

Figure 14. HeFTy inverse modeling results of zircon and apatite (U-Th)/He and apatite
fission-track replicate age data along the Sani-TLG transect (see Table A4 in Appendix A
for t-T constraints and cooling rate histories). Dashed lines are the best-fit model t-T
paths; black lines are the weighted mean t-T paths solutions. Green and red cooling
curves are acceptable and good fit solutions, respectively, from which 100,000 thermal
histories are randomly generated. Exhumation rates shown on the cooling rate–
exhumation rate reference curves are based on a 16°C/km geothermal gradient (see
Figure 10). Black boxes show t-T constraints for each sample. See text for discussion.
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Input parameters for the two AFT samples used in HeFTy modeling consisted of
track lengths, Dpar measurements (the diameter of tracks measured parallel to
crystallographic c-axis on the exposed surface), individual grain track count
measurements, and crystallographic c-axis orientations (for modeling parameters, see
Table A4 in Appendix A). AFT samples modeled in HeFTy, which were californium
irradiated, used an initial track length of 15.3 um and utilized the annealing model of
Ketcham et al. (2007a, b). Input model parameters for ZHe and AHe age data in HeFTy
used the (U-Th)/He calibrations of Farley (2000) and Reiners et al. (2005), respectively.
HeFTy modeling parameters for ZHe and AHe stopping distances and age alpha
corrections are from Farley et al. (1996). Zircon and apatite (U-Th)/He data modeled in
HeFTy require input of radiogenic concentrations of U, Th, and Sm as well as the mineral
grain radius (i.e., ESR, equivalent spherical radius). For HeFTy modeling of (U-Th)/He
data we used the lab-derived ESR for input of the radius dimensions.
Using the Monte Carlo random search function in HeFTy, both AFT samples and
their respective (U-Th)/He replicate datasets were modeled with a t-T thermal history
window of 0-20 Ma and a temperature range spanning 0-220ºC, similar to the modeling
of (U-Th)/He data. In the t-T plotting window for all individual samples (Figure 14), a
temperature range of 0-200ºC is shown which best represents the thermal sensitivity
range of the ZHe, AHe, and AFT thermochronometers. The starting model temperature
range was 210º ± 10ºC and was allowed to go to 5º ± 5ºC, the estimated mean annual
surface temperature, also used in HeMP modeling. The positioning of t-T constraint
boxes in Figure 14 with different starting and stopping times at different temperature
ranges (see Table A4 in Appendix A) were placed accordingly to achieve the highest
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number of acceptable and good t-T path fits. For additional details on our modeling
approach using HeFTy, see Appendix E.
Interpretation of Thermochronometric Data
Results of inverse modeling of ZHe (10.7-16.5 Ma) and AHe (7.5-10.5 Ma) age
data from the three individual transects using HeMP are shown in Figures 10, 11, 12, and
13. Using our modeling approach while keeping the number of (U-Th)/He sample
outliers to a minimum (between 1 and 3), the three transects yielded 150-2800 acceptable
t-T cooling curves. For HeMP determined model (U-Th)/He ages versus elevation for the
three transects, see Figure A1 in the Appendix. Geothermal gradients of 16°C/km and
10°C/km are the model geothermal gradients that yielded the maximum number of
acceptable t-T paths using a model range of 10°C-50°C/km for Sani-TLG (ZHe and AHe
ages) and Sani Valley (ZHe ages only) transects, respectively, (Figures 10, 11, 13a, and
13b). Modeling of ZHe data from the southernmost transect, Raruphu Valley, yielded a
higher geothermal gradient of 132°C/km, the geothermal gradient with the highest
number of acceptable t-T paths, using a model range of 100°C-140°C/km (Figures 12 and
13c). No hot springs were observed in the Raruphu area that would coincide with the high
model geotherm. Early efforts in modeling this transect with a lower geothermal gradient
range (<100°C/km) yielded a much lower number of acceptable t-T path fits.
HeMP inverse mean modeling results suggest: (a) that the tourmaline-granite,
exposed along the Sani-TLG transect, underwent a rapid cooling (rate of ~40°C/Ma)
episode between ~13.5-10.0 Ma at an exhumation rate of ~2.5 mm/yr between
temperatures of ~200°C and ~40-60°C, followed by progressively slower cooling (rate of
<10°C/Ma) to the present day; (b) that the quartzite exposed in the footwall of the ZF
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along the Sani Valley transect underwent an episode of prolonged moderate cooling (rate
of ~20°C/Ma) between ~13-10 Ma at an exhumation rate of ~2.0 mm/yr at temperatures
between ~195°C and ~160-130°C, followed by a slightly slower cooling (rate of
~15°C/Ma) to the present day; and (c) that the quartzite exposed along the Raruphu
Valley transect underwent an episode of moderate to rapid cooling (rate of ~30°C/Ma)
between ~17-13 Ma at temperatures between ~210°C and ~105°C, followed by slower
cooling (rate of <10°C/Ma) from ~12 Ma to the present day.
HeFTy inverse modeling results from the Sani-TLG transect yield similar model
cooling histories to the HeMP modeled cooling histories (cf. Figures 10 and 14) (Table
A4 in Appendix A). The first model cooling episode, between ~16-9 Ma, yields cooling
rates between 29°C-41°C/m.y. for samples Sa413-11 and Sa430-11 (Figure 14) (Table
A4). Combining the model t-T paths for both samples from ~16 to ~9 Ma at temperatures
of ~195°C to ~30°C (Figure 14), and using the HeMP determined geothermal gradient of
16°C/km (Figure 10), yields an exhumation rate of ~1.8 and ~2.6 mm/yr. This
exhumation rate is similar to the HeMP derived exhumation rate of ~2.5 mm/yr for the
complete Sani-TLG transect. A second episode of rapid cooling at ~10-7 Ma at a rate of
13°C/m.y. is indicated by modeling of Sa430-11 (Figure 14b) (Table A4).
Figure 15 shows a synoptic cooling history and interpreted fault slip history of the
footwall to the Zanskar normal fault using published monazite U/Pb and muscovite
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Ar/39Ar ages (Dèzes et al., 1999; Robyr et al., 2006; Finch et al., 2014; Horton et al.,

2015) and the new ZHe and AHe ages and AFT ages from this study. Combining new
and published U/Pb geochronology ages from monazites, and 40Ar/39Ar from micas from
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Figure 15. Time-temperature (t-T) plot showing a reasonable cooling history for the GHS footwall to the Zanskar fault and
interpreted fault slip history. Symbols and error bars (2-sigma error) in red represent published geochronology and
thermochronology (circled numbers) along the Zanskar shear zone (see compilation of published geochronologic and
thermochronologic age datasets in Table A5). Temperature estimates for monazite U/Pb ages are from Dèzes et al. (1999) and
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Robyr et al. (2002). Circled letters correspond to: a, initiation of a slab tear and break-off
event at ~25 Ma (Replumaz et al. 2010b); and b, slab detachment at ~15 Ma (Replumaz
et al., 2010b). Dashed red and black t-T paths are interpreted cooling histories based on
published data and our Sani-TLG transect modeling results, respectively. Dotted line
between temperatures of ~50ºC and 0ºC indicates a possible short-lived episode of rapid
cooling between ~10-2 Ma as indicated by HeMP modeling. See text for discussion.
Gianbul Dome (Figure 1), Horton et al. (2015) provided the most detailed interpretation
on the timing of ductile extension along the Zanskar shear zone and transition to brittle
normal slip along the ZF. U/Pb geochronology ages indicate that ductile extension along
the ZSZ initiated at ~26 Ma (Robyr et al., 2006; Finch et al., 2014), and ceased at 22-21
Ma (Horton et al., 2015). Tilted muscovite 40Ar/39Ar isochrons across Gianbul Dome,
located within the footwall of the ZF, indicate that the first episode of rapid exhumation
continued to the early Miocene as extension along the ZSZ transitioned from a ductile
normal sense of shear to brittle normal slip along the ZF at temperatures of 400°C-425°C
between 22 and 21 Ma (Horton et al., 2015) at a slip-rate of ~5.7 mm/yr (Figure 15).
Metamorphic muscovite 40Ar/39Ar ages on deformed and non-deformed dikes and
metapelites within the footwall to the ZF indicate continued cooling (~470°C-370°C) and
exhumation of GHS rocks (Dèzes et al., 1999; Horton et al., 2015) to ~21-20 Ma,
followed by somewhat slower cooling between ~21 to ~14-13 Ma (Figure 15). Inverse
modeling of our ZHe, AHe, and AFT ages, and AFT ages from Kumar et al., 1995,
indicate a second episode of increased rapid cooling between ~14-13 Ma and 9.5 Ma,
followed by moderate to slow cooling of the ZF footwall to the present day. In summary,
we interpret this cooling history as indicating: (a) rapid exhumation of the Greater
Himalayan Sequence in the footwall of the ductile ZSZ, which initiated at ~26 Ma, and
transitioned to normal slip along the brittle ZF at 22-21 Ma that continued for ~4-5 m.y.,
(b) followed by a period of decreased slip rate along the ZF between ~21and ~14 Ma, (c)
36

which in turn was followed by a second episode of increased slip rate along the ZF
between ~14-13 Ma and 9.5 Ma, and (d) ending with slow exhumation to the present day
(Figure 15).
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CHAPTER V
DISCUSSION
Timing of ~N-S Extension along the STDS in the Himalaya
Our low-temperature thermochronologic study of the faulting history along the
Zanskar segment of the STDS, combined with previously published geochronology along
the Zanskar shear zone indicate: (1) ductile normal sense shear initiated along the ZSZ at
~26 Ma and ceased between ~22-21 Ma (e.g., Dèzes et al, 1999; Robyr et al., 2006; Finch
et al., 2014; Horton et al., 2015) (Figure 15) (Table A6 in Appendix A), (2) the shear
zone was overprinted by brittle normal slip along the ZF by ~22-21 Ma, (3) this was
followed by a pulse of moderate to rapid normal slip along the ZF that initiated at ~14-13
Ma and continued until ~9.5 Ma, and (4) ended with slow slip to the present day.
With two dozen study locations, Figure 16 builds on compilations by Leloup et al.
(2010) and Godin et al. (2006) on the timing of ductile and brittle deformation along the
STDS, and slip along the MCT. Our compilation shows that ~26 Ma, recorded in the far
western Himalaya along the ZSZ, marks the earliest onset of ductile extension along the
STDS, although several locations in the central and eastern Himalaya record onset of
ductile extension at nearly the same age of ~25-23 Ma. The cessation of ductile shear
along the STDS decreases in age from ~22-21 Ma in the western Himalaya to ~11-10 Ma
in the eastern Himalaya and the duration of ductile extensional shear increases from west
to east across the Himalaya from ~4 m.y. in the west to ~12 m.y. in the east (Figure 16).
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Figure 16. Plot of timing constraints for ductile and brittle slip along the STDS and MCT between 76° and 92° east longitude. Abbreviations for study locations: from east
to west are: Sakteng-Radi klippe (SK), Barsong (Bs), Ura klippe (U), Gonta La (GL), Wagye La/Masang Kang (W/M), Bunakha (Bk), Lingshi klippe (L), Paro (P), GaowuYadong-Gulu rift (G), Thanggu (T), Gangtok (Gg), Yuksam (Y), Saer (S), Everest region (EvR), Dudh Kosi (DK), Everest region 1 (Ev1), Dzakaa Chu (DC), Qomolangma
(Q), Everest region 2 (Ev2), Nyalam (N), XixaPangma (X), Langtang (Lt), Kathmandu (K), Manaslu (M), Marsyandi (My), Annapurna/Dhaulagiri (A/D), Annapurna (A),
Dolpo (D), Bura Buri (B), Xiao Gurla (XG), Gurla Mandhata (GM), Chainpur (C), Garhwal (GW), Malari (Ml), Shivling (Sh), Gango Tri (GT), Bhagirathi River (Br),
Sutlej Valley (Sv), and Wangtu (W). Horizontal dashed lines with circled numbers correspond to: 1, the initiation of a slab tear in Indian lithosphere at ~25 Ma (Replumaz
et al., 2010b) and 2, propagation of the slab tear towards the east ends with a continental slab break-off at ~15 Ma (Replumaz et al., 2010b). Regional divisions of the
Himalayan orogen are based on that of Godin et al. (2006). Reference province divisions (abbreviated and approximate), near the STDS, from east to west are: Arunachal
Pradesh (AP), Sikkim (Sk), China (Ch), Uttarakhand (Ut),
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and Himachal Pradesh (HP). See Tables A6 and A7 in Appendix A for a list of references
used in compiling ductile normal sense shear and brittle normal slip histories along the
STDS and slip histories along the upper and lower MCT and reactivated slip along the
MCT. See text for discussion.
Concomitant with this age trend, the onset of brittle slip along the STDS appears
to decrease from ~22-21 Ma in the western Himalaya to ~11-10 Ma in the eastern
Himalaya (Figure 16), a pattern consistent with Leloup et al.’s (2010) interpretation that
brittle slip along the STDS initiated in the western Himalaya and propagated eastward.
For individually plotted ductile and brittle slip histories to the STDS, see Figures A2a and
A2b in Appendix A.
For the MCT, our compilation of fifteen study locations on the timing of slip
along the upper and lower MCT brackets the slip history between ~26 and ~10 Ma,
similar to the slip history along the STDS (Figure 16; Figures A2c and A2d in Appendix
A). The onset of slip along the upper MCT varies little across the orogeny, ranging from
~26 Ma in the eastern Nepal/Sikkim region to ~23-22 Ma elsewhere. Overall, the
duration of active slip along the upper MCT decreases from west to east. This trend
appears to follow the observed duration of ductile normal shear along the STDS.
Compilation of slip histories for the MCT, confined predominantly to the central
Himalaya, show onset of slip along the lower MCT between ~20 and ~15 Ma. A few
locations suggest reactivation of slip along the MCT between ~12-5 Ma. In summary,
with regard to the MCT slip history in the central Himalaya, combined active slip
histories across the orogen for the MCT nearly overlap with the STDS slip history
(Figure 16). To thoroughly characterize the slip histories along the STDS and MCT, more
geochronologic and thermochronologic data sets in conjunction with slip history studies
along the STDS and MCT are needed in the western Himalaya.
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“What Drives Normal Slip along the STDS?”
Geochronologic data from along the opposing slip structures, the South Tibetan
Detachment System and Main Central Thrust, indicate broadly coeval slip histories
across the Himalayan orogeny (Figure 16), although locally there are discrepancies. The
channel flow model (e.g., Beaumont el al., 2001, 2004) was developed, in part, to explain
the simultaneous motion along these two subparallel, opposing slip-sense structures, but
the model does not predict the timing of onset of brittle normal slip along the STDS.
In the channel flow model (Figure 17a; Beaumont et al., 2001, 2004), the STDS
and MCT act as passive roof and sole bounding detachments, respectively, during the
extrusion of middle-crust throughout the early to middle Miocene. An implication of this
model is that at shallow crustal levels the STDS and MCT were brittle structures that
linked at depth with their respective ductile shear zones. Subsequent to peak
sedimentation rates during the early and middle Miocene, sediment flux from along the
Asian continental margin decreased as a result of a drier climate (Clift, 2006; Clift et al.,
2008). Thus, since a high erosion rate along the southern flank of the high Himalaya is
required to drive southward flow in the channel and expose the high-grade metamorphic
rocks that define the channel, the decrease in sediment flux suggests that since the late
Miocene, channel flow was not a viable mechanism for driving slip along the STDS.
Consistent with this interpretation are the results of, White et al. (2002) who showed that
early to middle Miocene sediments were sourced from a rapidly exhuming GHS, which
they interpreted as coeval with thrust slip along the MCT and normal slip along the
STDS. However, younger sediments were sourced from sedimentary and low-grade
metamorphic rocks structurally beneath the GHS suggesting that by post middle Miocene
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time denudation of the GHS had decelerated (White et al., 2002). Elsewhere within the
Himalaya orogeny, detrital grain studies suggest that denudation of the Lesser Himalayan
Sequence (LHS) had increased by at least ~11 Ma (Bernet et al., 2006; Najman et al.,
2009).

Figure 17. Models of extrusion of middle-crust rocks (the GHS, in yellow) shown in
schematic NS cross-sections across the Himalayan orogeny. (a, b, and c) Simplified
tectonic models showing proposed mechanisms that result in contemporaneous and
opposing slip along the (a and b) STDS and MCT, and (c) the STDS and MBT, during
south-directed exhumation (heavy arrow) of the GHS. (a) Channel flow model showing a
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southward flowing low viscosity middle-crust channel bounded between the STDS and
MCT. Red lines show isotherms within the crust; red boxes show hypothesized
evolutionary time-track of footwall rocks to the ZF at depth (T0) and later exposed at the
surface (T1). Velocity vectors indicated by arrows on vertical line straddling middle crust
and subducting India. Modified after Beaumont et al. (2001, 2004), and Godin et al.
(2006). (b) Modified channel flow mechanism from Beaumont et al. (2001, 2004) and
Vannay et al. (2004) showing exhumation of the GHS by simultaneous slip along the
STDS and MCT between the late Oligocene and early Miocene; (c) and later, the GHS
and the LH are extruded southward between the STDS and MBT during the middle
Miocene to Pliocene time. Arrows show fault sense of shear. Abbreviations: Greater
Himalayan sequence (GHS), Lesser Himalaya (LH), Main Boundary thrust (MBT), Main
Central thrust (MCT), South Tibetan Detachment System (STDS).
Although studies of sedimentary deposits suggest that rapid erosion of the GHS
(and thus channel flow) had ceased by the middle Miocene, a modified version of the
channel flow model (Figures 17b and 17c) may explain post-middle Miocene extrusion of
the Greater and Lesser Himalayan sequences, consistent with increased erosion of the
LHS. In the Sutlej Valley region, NW India, Vannay et al. (2004) suggested that late
Miocene extrusion of the GHS and LHS was driven by normal slip along the Karcham
fault, located in the footwall of the Sangla detachment, which is the eastern continuation
of the Zanskar shear zone, and thrust slip along the Munsiari fault located beneath the
MCT. Thus, an alternative interpretation for the late Miocene slip along the ZF is a
modified channel flow mechanism (Vannay et al., 2004) whereby the GHS and
underlying LHS were extruded southward between the overlying ZF normal fault and an
underlying thrust fault in the footwall of the MCT (Figure 17c).
The continental slab tear and break-off hypothesis may provide a related
mechanism for driving slip along the ZF. Interpretations of tomographic images and
paleogeographic reconstructions of seismic anomalies beneath the Himalayan-Tibetan
convergent margin indicate multiple SBO events (Figure 18) (e.g., Van der Voo et al.,
1999; Zhou and Murphy, 2005; Negredo et al., 2007; Replumaz et al., 2010a, b; and
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references therein). In the Hindu Kush region of the NW Himalaya, SBO episodes have
been interpreted to have occurred at ~45 Ma and between 25-15 Ma (Fig. 20a) (e.g.,
Negredo et al., 2007; Replumaz et al., 2010a, b). A consequence of slab break-off events
is replacement of oceanic lithosphere with upwelling hot asthenosphere that may increase
lithospheric buoyancy which can drive onset of crustal extension (Bird, 1979).
The period of rapid cooling between ~14 to ~10 Ma that we document in the
footwall to the ZF overlaps broadly with the timing of the second slab break-off episode
(Figure 18c), suggesting that middle Miocene slip along the ZF could have been driven
by an increase in gravitational potential energy. However, an increased number of lowtemperature thermochronologic studies utilizing sampling transects across the ZF and the
STDS to the west are needed to thoroughly characterize the temporal and spatial
association of extension within the Himalaya, slip along the MCT and underlying thrust
faults, and proposed SBO events.
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Figure 18. (a-d) Schematic diagrams showing subduction and slab break-off of Indian continental lithosphere. Black and red dashed lines represent the Moho and
asthenosphere/lower mantle boundaries, respectively. Mean convergent velocity is 5 cm/yr since 45 Ma (Replumaz et al., 2010b). Diagram modified from Replumaz et al.
(2010b). Abbreviations: length of slab (Ls), displacement of hinge (Lh), vertical (V). (e) Proposed slab break-off of subducted Indian continental lithosphere being
subducted beneath the NW Himalaya. Slab tear in the Indian continental lithosphere initiates at ~25 Ma and propagated eastward with break-off occurring at~15 Ma.
Modified from Stearns et al. (2015). Abbreviations: length of slab (Ls), displacement of hinge (Lh), vertical (V).
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CHAPTER VI
CONCLUSION
Detailed new zircon and apatite (U-Th)/He and apatite fission-track
thermochronometry, and inverse modeling of (U-Th)/He and apatite fission-track ages
from the footwall to the ZF yield insight into the timing and slip-rate along the ZF.
Combining our low-temperature thermochronometric data with published muscovite
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Ar/39Ar data (Dèzes et al., 1999; Horton et al., 2015) indicates that brittle normal slip

along the ZF initiated at ~22-21 Ma at a rate of ~5.7 mm/yr. This initial slip history was
followed by a somewhat decreased exhumation rate for about a 7 m.y. long period. A
second episode of rapid exhumation at an increased normal slip-rate of ~0.2-2.5 mm/yr
occurred between ~14 Ma and ~10 Ma. This period of exhumation was followed by a
period of quiescence or by a period of slow cooling of the GHS footwall from ~10 Ma to
the present day. The timing of brittle normal slip along the ZF is somewhat younger (~12 m.y.) than along the STDS in the eastern Himalaya. We suggest that the middle to late
Miocene episode of rapid brittle normal slip along the ZF can be explained by either
extrusion of the GHS and LHS by a modified channel flow mechanism or by an increase
in gravitational potential energy as a consequence of a slab break-off event.
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APPENDIXES
APPENDIX A
Additional Figures and Tables

Figure A1. Model cooling histories plotted on (U-Th)/He age–elevation graphs. Blue and red cooling curves are acceptable time-temperature paths with blue lines highlighted to red that suggest a second episode of
exhumation between ~10-4 Ma (see Figures 10, 11, and 12). Gray (a, b, and c) and white (a) circles are zircon and apatite, respectively. Error bars are two-sigma.
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Figure A2. Plots of timing constraints for slip along the STDS and MCT between 76° and 92° east longitude. (a) Ductile and (b) brittle
slip histories to the STDS. (c) Active slip along the upper and lower MCT. (d) Plot shows a generalized interpretation of published slip
histories for the STDS and MCT shown by gray shade and left dipping hatch pattern and yellow shade and right dipping hatch pattern,
respectively. Abbreviations for study locations: from east to west are: Sakteng-Radi klippe (SK), Barsong (Bs), Ura klippe (U), Gonta
La (GL), Wagye La/Masang Kang (W/M), Bunakha (Bk), Lingshi klippe (L), Paro (P), Gaowu-Yadong-Gulu rift (G), Thanggu (T),
Gangtok (Gg), Yuksam (Y), Saer (S), Everest region (EvR), Dudh Kosi (DK), Everest region 1 (Ev1), Dzakaa Chu (DC), Qomolangma
(Q), Everest region 2 (Ev2), Nyalam (N), XixaPangma (X), Langtang (Lt), Kathmandu (K), Manaslu (M), Marsyandi (My),
Annapurna/Dhaulagiri (A/D), Annapurna (A), Dolpo (D), Bura Buri (B), Xiao Gurla (XG), Gurla Mandhata (GM), Chainpur (C),
Garhwal (GW), Malari (Ml), Shivling (Sh), Gango Tri (GT), Bhagirathi River (Br), Sutlej Valley (Sv), Wangtu (W), Zanskar (Za), this
study: Raruphu Valley (Ra), Sani Valley (SV), and Sani-TLG (Sa). Regional divisions of the Himalayan orogen are based on that of
Godin et al. (2006). Reference province divisions (abbreviated and approximate), near the STDS, from east to west are: Arunachal
Pradesh (AP), Sikkim (Sk), China (Ch), Uttarakhand (Ut), and Himachal Pradesh (HP). See Tables A6 and A7 for a list of references
used in compiling ductile normal sense shear and brittle normal slip histories along the STDS and slip histories along the upper and
lower MCT and reactivated slip along the MCT. See text for discussion.
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APPENDIX B
Thermochronometric Sample Preparation
Zanskar samples were collected during the 2011 summer field season by J. Lee.
Sample processing was done at the University of Texas in Austin, TX during the summer
of 2012. Separation of zircon and apatite grains from rock samples began with physical
crushing and grinding (jaw and disc) of rock samples. Then, pulverized samples were
subjected to gravimetric (water table), density (bromoform and MEI heavy liquids), and
magnetic separation (Frantz) methods to concentrate zircon and apatite grain yields.
Zircon and apatite mineral separates were first analyzed using zircon and apatite (UTh)/He thermochronology (Appendix Section B). Additional low-temperature
thermochronologic work involved performing apatite fission-track analyses (Appendix
Section C) on specific apatite mineral separates from samples collected along the SaniTLG transect (Tables 1 and 2).
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APPENDIX C
ZHe and AHe Analyses
All samples for (U-Th)/He dating were prepared in the (U-Th)/He Geo- and
Thermochronometry Laboratory of the University of Texas in Austin, Texas. A number
of ZF samples yielded three single hand-picked zircon replicates for (U-Th)/He analyses
with a few samples yielding only one single hand-picked zircon replicate (Table A1). A
number of samples, hand-picked for apatite (U-Th)/He analyses, yielded two to three
inclusion-free apatite replicates per sample from the Sani-TLG transect whereas samples
from the Sani Valley and Raruphu Valley transects yielded an inconsistent number of
apatite replicates at different elevations (see Table A1). For each (U-Th)/He sample, He,
U, and Th analyses were made on hand-picked euhedral to subhedral aliquots of zircon
and apatite grains (Table A1). Zircon and apatite grain size was typically 80–190 µm in
length and 60–90 µm in width. (U-Th)/He age determinations used laboratory procedures
described in Lee et al. (2009). Inclusion-free apatite grains were wrapped in acid treated
Pt foil and heated for 5 minutes at 1070°C and subsequently reheated to ensure complete
degassing. Zircons were wrapped in Pt foil, heated for 10 minutes at 1290°C and reheated
until >99% of the He was extracted from the crystal. All ages were calculated using
standard α-ejection corrections using morphometric analyses (Farley et al., 1996; Farley,
2000). After laser heating, apatites were spiked using an enriched 235U-230Th-149Sm tracer
and dissolved in HNO3. Zircons were unwrapped from Pt foil and dissolved using HFHNO3 and HCl pressure vessel digestion procedures. U and Th concentrations were
determined by isotope dilution ICP-MS analysis. Mean (U-Th)/He ages were calculated
on the basis of 2-3 inclusion-free apatite and 2-3 zircon replicate analyses. Reported age
uncertainties (2σ) reflect the reproducibility of replicate analyses of laboratory standard
80

samples (Farley et al., 2001). Estimated analytical uncertainties are ~6% (2σ) for apatite
and ~8% (2σ) for zircon He ages, respectively.
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APPENDIX D
AFT Analyses
All AFT analyses (Tables 2 and A2) were done by Ann Blythe at Occidental
College, Los Angeles, CA. Apatites were mounted in epoxy and sample surfaces were
ground and polished. Apatite mounts were etched in 5.5M HNO3 at 18°C for 22s. An
"external detector" (e.g., Naeser, 1979), consisting of low-U (<5 ppb) Brazil Ruby
muscovite, was used for each sample. Samples were irradiated in the Oregon State Triga
nuclear reactor. Following irradiation, the muscovites were etched in 48% HF at 18°C for
30 min. Tracks were counted using a 100X dry lens and 1250X total magnification in
crystals with well-etched, clearly visible tracks and sharp polishing scratches. A Kinitek
stage and software written by Dumitru (1993) were used for analyses. Parentheses (Table
2, Figure 9) show number of tracks counted. Standard and induced track densities were
determined on external detectors (geometry factor = 0.5), and fossil track densities were
determined on internal mineral surfaces. Ages were calculated using zeta 359 ± 10 (AB)
for dosimeter CN-5 (e.g., Hurford and Green, 1983). All ages are central ages, with the
conventional method (Green, 1981) used to determine errors on sample ages. The chisquare test estimated the probability that individual grain ages for each sample belong to
a single population with Poissonian distribution (Galbraith, 1981). The data were reduced
with the program Binomfit (Brandon, 2002). Track lengths were measured on separate
mounts that had been irradiated with Cf-252 courtesy of Ray Donelick in order to expose
a sufficient number of confined tracks (Donelick and Miller, 1991).
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APPENDIX E
HeFTy Inverse Modeling
Our initial modeling strategy using HeFTy started out with placing no timetemperature constraints on each of the three samples in order to observe generalized
cooling trends correlating to a group of time-temperature paths for each modeled sample.
From this initial modeling of each sample in HeFTy, one to two constraint boxes with a
different set of time-temperature conditions for each of the three samples (Table A4)
(Figure 14) were used depending upon where noted inflection/s occurred along the
majority of plotted t-T paths. In using these inflection sites as guidelines for placing
constraint boxes minimized the t-T model space during HeFTy modeling and allowed for
increased generation of acceptable and good fit paths. To fully investigate the thermal
histories for each of these three samples, we ran each of these samples through three
modeling scenarios in which the model ending conditions had reached: a total of 1000
paths tried (i.e., iterations) (scenario 1); a total of 200 good fits (scenario 2); a total of
100,000 paths tried with the same number of iterations in HeMP modeling (scenario 3).
Through each of these three modeling scenarios, t-T constraints placed on each sample’s
thermal history were kept the same. Using this modeling strategy allowed for comparison
of HeFTy derived best-fit model and weighted mean paths (Figure 14). HeFTy modeling
of combined ZHe, AHe, and AFT sample datasets for the three Sani-TLG
thermochronometric samples yielded a number of acceptable and good fit cooling paths
well within our time-temperature constraint boxes (Table A4) (Figure 14); and single
sample thermal histories were similar to the resultant thermal histories in HeMP
modeling of the entire Sani-TLG transect (Figure 10), evidence in support of the validity
of our model setup.
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